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Mutant forms of the encephalomyocarditis virus (EMCV) internal ribosome entry site (IRES) have been produced and
shown to be severely defective in directing internal initiation of protein synthesis within cells using the vaccinia/T7 RNA
polymerase system. Mutants in different regions of the IRES were complemented in trans by coexpression of the intact
EMCV IRES but not by coexpression of the related IRES elements from Theiler’s murine encephalomyelitis virus (another
cardiovirus) or from foot-and-mouth disease virus. Distinct, truncated regions of the EMCV IRES, insufficient to direct internal
initiation, were also shown to complement defective EMCV IRES elements. It was necessary for the complementing molecule,
whether truncated or full length, to be expressed in the positive sense orientation. RT-PCR analysis provided no support
for the idea that any recombination event was responsible for the complementation. The data suggest that multiple activities
are performed by distinct functional entities within the IRES in the process of internal initiation of protein synthesis. At least
some of these different functions may be achieved by different molecules acting in trans. q 1997 Academic Press
INTRODUCTION direct this cap-independent internal initiation of protein
synthesis and is termed the internal ribsome entry site
Picornaviruses are widespread in nature and are re-
(IRES) (Jackson et al., 1990; Jackson and Kaminski, 1995;
sponsible for many important diseases of man and ani-
Belsham and Sonenberg, 1996). The usual analysis for
mals, including poliomyelitis and foot-and-mouth dis-
IRES activity involves the construction of dicistronicease. The picornavirus family is currently divided into
mRNAs in which the IRES element is an intergenic regionfive genera, namely the enteroviruses, rhinoviruses,
between two reporter gene coding sequences. Transla-cardioviruses, aphthoviruses, and hepatoviruses. With
tion of the second cistron is dependent on a functionalthe exception of the hepatoviruses (hepatitis A virus) the
IRES, whereas translation of the first cistron is a markerpicornaviruses replicate rapidly. They produce many dif-
of cap-dependent translation. IRES elements from repre-ferent changes within infected cells, including the inhibi-
sentatives of each of the picornavirus genera have beention of host cell protein synthesis, inhibition of cellular
characterized (Pelletier and Sonenberg, 1988; Jang et al.,transcription, membrane proliferation, and, finally, cell ly-
1988; Belsham and Brangwyn, 1990; Borman and Jack-sis, which releases the new virus particles (see Rueckert,
son, 1992; Brown et al., 1991).1996). These virus particles contain a single copy of the
Two major classes of picornavirus IRES elements haveRNA genome. Picornavirus RNAs are of positive sense
been identified. The poliovirus element is representativeand act as both template for RNA replication and also
of the entero-/rhinovirus genera. These elements haveas mRNAs with a single long open reading frame encod-
complex predicted secondary structures (Pilipenko et al.,ing a polyprotein which is processed to the mature virus
1989a; Skinner et al., 1989) and function rather poorly inproteins.
the rabbit reticulocyte lysate translation system unlessThe genomic viral RNA and the RNA transcripts pro-
supplemented with additional cellular proteins, e.g.,duced within the cell are about 8 kb in length and lack
HeLa cell lysate (Dorner et al., 1984). The second classthe cap-structure (m7GpppN) found at the 5* terminus of
of picornavirus IRES element is found in the cardiovir-all cellular (nonorganellar) eukaryotic mRNAs. The trans-
uses (e.g., encephalomyocarditis virus (EMCV) and aph-lation of picornavirus RNA occurs by a cap-independent
thoviruses (foot-and-mouth disease virus (FMDV)). Theseprocess. A region of about 450 nt within the 5* noncoding
elements also have a complex secondary structure (Pili-region (5*NCR) of picornavirus RNAs has been shown to
penko et al., 1989b) although it is quite distinct from that
of the entero-/rhinovirus elements. Furthermore, these1 To whom correspondence and reprint requests should be ad-
IRES elements function very efficiently in the rabbit retic-dressed. Fax: 44-1483 232448. E-mail: Graham.Belsham@BBSRC.
AC.UK. ulocyte lysate system. Both classes of IRES contain multi-
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ple AUG codons which are not recognized by the cellular described previously (van der Velden et al., 1995). They all
contain the CAT and LUC open reading frames under thetranslational machinery.
The IRES is often regarded as a cis-acting element control of a T7 promoter and (except for the parental vector)
the wt (or mutant) EMCV IRES cDNA. New derivatives ofbut several studies have indicated that the internal initia-
tion of translation by severely defective IRES elements pGEM-CAT/LUC containing other modifications of the
EMCV IRES were made as described below (see Figs. 1Acan be greatly enhanced by the coexpression (in trans)
of the parental wt IRES within cells (Stone et al., 1993; and 1B).
Drew and Belsham, 1994; van der Velden et al., 1995).
These observations of IRES complementation have been Modification of the EMCV IRES
interpreted as evidence of trans-acting RNA functions
within the mechanism of action of the IRES. The comple- Deletion of nucleotides 696 to 730, which constitute
part of stem-loop J, was achieved using overlap PCRmentation process has been shown to occur with repre-
sentatives of each of the two major classes of picornavi- mutagenesis as previously described (Drew and Bel-
sham, 1994). Briefly, two separate PCRs were performedrus IRES element.
In EMCV, the region of the 5*NCR from about nt 380 using the plasmid pSKEMCRS (van der Velden et al.,
1995) as template and in one reaction the T7 primer andto the vicinity of the initiation codon at nt 834 is required
for internal initiation activity. We and others have demon- dGCATGTGCACCGAGGCCATCCTTCAGCCCCTTG were
used which generated a product of ca. 515 bp. The sec-strated previously (van der Velden et al., 1995; Jang and
Wimmer, 1990) that deletion of the 5* terminal region of ond reaction used the reverse sequencing primer to-
gether with dCAAGGGGCTGAAGGATGCCCGCCTCG-the EMCV 5* NCR into stem-loop H (e.g., to the AvrII site,
nt 411) abolishes the ability of the IRES to direct internal GTGCACATGC, a product of about 215 bp was produced.
The fragments were purified using the PCR-prep kit (Pro-initiation of protein synthesis when assayed in the con-
text of a dicistronic mRNA, although within a monocis- mega), mixed, and used as template for a third PCR using
the T7 and reverse sequencing primers. The product wastronic transcript the residual element retains some activ-
ity in vitro (Duke et al., 1992; van der Velden et al., 1995). purified using the PCR-prep kit, digested with BamHI
and EcoRI, and ligated into similarly digested pGEM3ZFurther deletion to the HindIII site (nt 484) (within stem-
loop I) produces a totally defective IRES (Kaminski et al., (Promega). The insert was sequenced and the deletion
of the J stem-loop sequence confirmed. The fragment1990; Duke et al., 1992; van der Velden et al., 1995).
Coexpression, within cells, of the intact EMCV IRES, un- was then cut out, blunt ended, and ligated into pGEM-
CAT/LUC as described previously (van der Velden et al.,linked to any reading frame or fused to a coding se-
quence, results in strong stimulation of internal initiation 1995) to produce pGEM-CAT/DJ/LUC (abbreviated DJ)
(Fig. 1B).from the IRES truncated into stem-loop H but has no
effect on the function of the IRES deleted into stem-loop The GCGC mutant was a gift from A. Kaminski and
R. J. Jackson. A fragment corresponding to the EMCVI (van der Velden et al., 1995). Analagous data has also
been obtained with the FMDV IRES (Drew and Bel- IRES, containing the mutation in the GNRA tetraloop (nt
550 A to C), was obtained using EcoRI and KpnI andsham,1994). We have also demonstrated that defective
EMCV IRES elements, containing merely point mutations, inserted into an intermediate plasmid containing an unre-
lated EcoRI–KpnI fragment (as used previously by vancan also be efficiently complemented in these assays
(van der Velden et al., 1995). We have now characterized der Velden et al., 1995) to produce a mutant version of
the pSKEMCRB with the complete EMCV IRES sequence,additional defective mutants within the EMCV IRES and
have used this collection of severely defective mutants including the GCGC modification. The EcoRI–BamHI
fragment was inserted into pGEM-CAT/LUC as aboveto analyze the sequence requirements for the RNA com-
plementing the defective elements. We provide the first to produce pGEM-CAT/GCGC/LUC (abbreviated GCGC)
(Fig. 1B).evidence that severely truncated IRES elements, insuffi-
cient to direct internal initiation themselves, can comple- Plasmids pD1/2/3 (which contains the sequences
corresponding to the EMCV 5*UTR from nt 277 to 838)ment defective IRES elements.
and derivatives pD1, pD2, pD3, pD1/2, pD2/3 (Kaminski
et al., 1995) were also kindly provided by A. KaminskiMATERIALS AND METHODS
and R. J. Jackson. Further derivatives of pD1/2 were pre-
Plasmid constructions
pared to remove sequences from the different termini of
the EMCV sequences. Digestion of pD1/2 with EcoRIDNA modification and preparation was performed using
standard methods, essentially as described in Sambrook and either ApaI or AvrII was followed by treatment of
the fragments with T4 DNA polymerase or the Klenowet al. (1989) or according to manufacturer’s protocols. The
dicistronic mRNA expression plasmids pGEM-CAT/LUC, fragment of DNA polymerase I, the large fragment was
gel purified and religated to produce pD1/2/Apa andpGEM-CAT/EMC/LUC, pGEM-CAT/DAvr/LUC (abbreviated
DAvr), and pGEM-CAT/DHind/LUC (DHind3) have been pD1/2/Avr, respectively (Fig. 1C). Similarly, pD1/2 was
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digested with BamHI and either HindIII or PmlI, blunt performed using 20 cycles with an annealing tempera-
ture of 657. Products were analyzed on agarose gelsended, and the large fragment was religated to produce
pD1/2/Hind and pD1/2/Pml, respectively (see Fig. 1C). and were visualized by ethidium bromide staining. To
facilitate detection of any minor species a further cycleA truncated form of pD1/2/3 was generated in a similar
way, digestion of this plasmid with EcoRI and AvrII was was performed on a portion of the reaction products
incorporating [a-32P]dATP. Labeled products were ana-followed by blunt ending and religation to produce
pD1/2/3/Avr (Fig. 1C). lyzed on a 6% polyacrylamide/TBE gel, which was dried
and exposed to X-ray film. The same products were ob-Derivatives of pD1/2/3, pD1/2, and pD2/3, which
contain the same EMCV cDNA, but in the opposite orien- served by both detection methods.
tation with respect to the T7 promoter, were prepared by
digestion of the parental plasmids with EcoRI and BamHI, RESULTS
and the fragments were gel purified and inserted into
Characterization of mutant EMCV IRES elements
similarly digested pGEM2 (Promega) to produce the anti-
sense series of constructs suffixed AS. To recreate the In this study a standard assay system has been uti-
lized. Plasmids encoding dicistronic mRNAs, includingoriginal constructs (to demonstrate that the AS con-
structs were not inadvertantly modified) these AS con- the chloramphenicol acetyl transferase (CAT) and lucifer-
ase (LUC) open reading frames, under the control of astructs were cut with the same enzymes, and the EMCV
cDNA fragments were isolated and inserted into similarly bacteriophage T7 promoter, have been produced. Be-
tween these two sequences the EMCV IRES or deriva-digested pGEM1 (Promega) to produce the plasmids suf-
fixed S. tives have been inserted (as in van der Velden et al.,
1995). The plasmids were assayed in a transient expres-
sion assay using cells infected with the recombinant vac-Transient expression assays
cinia virus vTF7-3 (Fuerst et al., 1986), which expresses
T7 RNA polymerase.Plasmid DNA (2 mg) was transfected, using Lipofectin
(7.5 mg) and Optimem (Life technologies) into human TK- In addition to the mutants described previously (van
der Velden et al., 1995) we have constructed further plas-143B (HTK-143) cells (35-mm dishes) infected with the
recombinant vaccinia virus vTF7-3 (Fuerst et al., 1986), mids aimed at producing very severely defective mutants
with relatively small modifications in different regions ofwhich expresses the bacteriophage T7 RNA polymerase.
After 20 hr, cell extracts were prepared in cell lysis buffer the IRES (see Fig. 1). The J-K region is highly conserved
among the cardio-/aphthoviruses (Jackson and Kaminski,(Promega) and assayed for CAT expression using a CAT
ELISA system (Boehringer) and LUC expression using a 1995) and it has been shown previously that deletion of
this whole motif from the FMDV IRES (Drew and Belsham,LUC assay kit (Promega) and a Bio-orbit luminometer.
Alternatively, the cell extracts were analyzed by SDS – 1994) or various modifications of this region of the EMCV
IRES (Hoffman and Palmenberg, 1995) block the activityPAGE (Laemmli, 1970), and proteins were transferred
onto Immobilon P membranes and detected using anti- of these IRES elements. We have constructed a deletion
of the J region of the EMCV IRES (34 nt, termed DJ) (seeCAT (5*-3* Inc), anti-LUC (Promega), or anti-NS1 (gift from
J. McCauley) primary rabbit antibodies, using peroxidase Fig. 1) by overlap PCR mutagenesis. The modified IRES
was sequenced and constructed into the dicistroniclinked donkey anti-rabbit IgG (Amersham) and chemilu-
minescence reagents (Pierce). In some experiments RNA mRNA assay system. The IRES element lacking the J
stem-loop was severely deficient in directing internal ini-was extracted from transfected cells using Trizol (Life
Technologies) as described by the manufacturer. cDNA tiation compared to the wt IRES (Fig. 2).
The ‘‘hammerhead’’ motif at the head of the largestwas made using MoMLV reverse transcriptase and ran-
dom primers (Boehringer). Specific regions of the cDNA secondary structure region, termed I, is also highly con-
served (Jackson and Kaminski, 1995). One part of thewere amplified with Taq polymerase using two different
primer sets, either primer 1 and primer 2 or primer 2 and hammerhead contains a GNRA (where N is any base
and R is a purine base) tetraloop structure, the GNRAprimer 3. Primer 1 (dGGGAATTCCACCATATTGCCGTC-
TTT) binds to the cDNA corresponding to the 5* terminus sequence is over represented, on a statistical basis,
within RNA loops and this sequence is believed to beof the wt IRES (absent in the DAvr mutant). Primer
2 (dGCATGTGCACCGAGGCCATCCTTCAGCCCCTTG) is important in RNA–RNA interactions (Pley et al., 1994).
Modification of the GCGA sequence to GCGC breaks thecomplementary to the 3* end of the IRES and primer 3
(GTCCAAACTCATCAATGTAT) is complementary to the GNRA consensus and greatly inhibits the ability of the
IRES to direct internal initiation in vitro (A. Kaminski, R. J.cDNA corresponding to the 3* terminus of the CAT insert
(derived from the HindIII–BamHI fragment of pSV2CAT Jackson, unpublished results) and in vivo (Fig. 2).
The three modifications in pGEM-CAT/DAvr/LUC,(Gorman et al., 1982)). Amplifications with primers 1 and
2 were performed using 15 cycles with an annealing pGEM-CAT/GCGC/LUC, and pGEM-CAT/DJ/LUC map to
the three different domains of the IRES termed domaintemperature of 677. For primers 2 and 3, reactions were
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ELISA system (data not shown) or Western blot analysis
using an anti-CAT antiserum (Fig. 2A). By comparison
with the activity of the wt EMCV IRES (in pGEM-CAT/
EMC/LUC) it is apparent that the expression of LUC from
each of these mutants is severely inhibited. Little or no
LUC expression was detected from any of the mutants
in the Western blot assay using anti-LUC antiserum (Fig.
2A). More sensitive enzyme assays for LUC indicated
that the level of LUC produced from the mutant IRES
elements was about 1% or less of that expressed from
the wt IRES (Fig. 2B). In contrast, when the DAvr, GCGC,
and DJ mutants were cotransfected with pD1/2/3 the
expression of LUC was readily detected by the Western
blot assay in each case (Fig. 2A). It was noted that the
extent of complementation of the DJ mutant was always
rather less than that oberved for the other mutants (as
observed with the deletion of the J-K structure from the
FMDV IRES (Drew and Belsham, 1994)). Similarly, in the
same extracts, large increases in LUC activity measured
enzymatically were detected (Fig. 2B). As expected, no
LUC expression was detected by the Western blot assay
from pGEM-CAT/LUC (lacking any IRES sequences) or
from pGEM-CAT/DHind/LUC in the presence or absence
of the pD1/2/3 plasmid (Fig. 2). By enzymatic assay,
LUC activity was readily detectable at about 0.5% of the
level obtained from pGEM-CAT/EMC/LUC in each case
but no enhancement of activity was seen following co-
transfection with the helper plasmid. Coexpression of
pD1/2/3 with the dicistronic constructs tended to in-
hibit expression of CAT (Fig. 2B) presumably by competi-
tion either at the transfection step or for the T7 RNA
polymerase. These results are consistent with and ex-
tend those reported earlier (van der Velden et al., 1995).
Sequence specificity of IRES complementationFIG. 1. Structure of the EMCV IRES and plasmids used in this study.
(A) Secondary structure prediction of the EMCV 5*NCR (based on Pili-
penko et al., 1989b). (B) Plasmids which express dicistronic mRNAs In previous studies we have demonstrated that a high
encoding CAT and LUC with the wt or mutant forms of the EMCV IRES degree of sequence identity is required for complementa-
were constructed as described under Materials and Methods and in tion to occur. For example, the 5* NCR from human rhino-
van der Velden et al. (1995). The T7 promoter is indicated. (C) The
virus 14 failed to complement defective poliovirus IRESEMCV 5*UTR has been divided into 3 domains (Kaminski et al., 1995).
elements (about 60% identity) (Stone et al., 1993) and thePlasmids which contain the sequences encoding these domains indi-
vidually and in combination are shown together with truncated versions EMCV IRES failed to complement defective FMDV IRES
produced as described under Materials and Methods. elements (about 50% identity) (Drew and Belsham, 1994).
In this study we have tested the ability of the Theiler’s
murine encephalomyelitis virus (TMEV) IRES (about 68%
1, domain 2, and domain 3, respectively (Kaminski et al., identical to the EMCV element) to complement the defec-
1995) (Fig. 1), and represent examples of three different tive EMCV elements. TMEV and EMCV are both members
types of mutant IRES, i.e., a terminal deletion of the IRES, of the cardiovirus genus. The defective test plasmids
an internal deletion within the IRES and a point mutation. were cotransfected with pJODA1090 (Hunt et al., 1993),
The DAvr mutant, the GCGC tetraloop mutant, and the which contains the TMEV 5*NCR linked to the influenza
DJ mutant (each within the context of the pGEM-CAT/ NS1 coding sequence or with pGEMFMDPR (which con-
LUC vector) were assayed alone and were also cotrans- tains the FMDV IRES) or with pSGNS/ (which has the
fected with plasmid pD1/2/3, which contains the EMCV EMCV IRES linked to the influenza NS1 coding sequence;
5* NCR from 277 to 838, including the complete IRES van der Velden et al., 1995). Efficient complementation
and the initiation codon. Similar levels of CAT expression of the EMCV IRES mutants by the EMCV IRES (as in
pSGNS/) was observed (Fig. 3) as indicated by the en-were detected from each plasmid using either a CAT
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FIG. 2. Complementation of defective EMCV IRES elements by coexpression of the complete EMCV IRES. HTK0 143 cells, infected with vTF7-3,
were transfected with the indicated reporter plasmids alone or with pD1 / 2 / 3 as shown. Cell extracts were prepared about 20 hr later. Note
that for brevity the dicistronic expression plasmids are abbreviated to the name of the IRES insert, thus the names are: DAvr, (pGEM-CAT/DAvr/
LUC); DHind3, (pGEM-CAT/DHind/LUC); GCGC, (pGEM-CAT/GCGC/LUC); and DJ (pGEM-CAT/DJ/LUC). (A) Extracts were analyzed by SDS–PAGE,
the proteins were transferred to membranes and probed with anti-CAT or anti-LUC antisera as indicated followed by peroxidase-linked anti-rabbit
IgG and visualized using chemiluminescence reagents. (B) Alternatively, extracts were assayed for LUC expression using a luciferase assay system
with a luminometer.
hanced expression of LUC as above but no stimulation derivatives (Fig. 4). The GCGC mutant, with the mutation
in domain 2, was efficiently complemented by plasmidsof LUC translation by coexpression of the TMEV IRES
(pJODA1090) or FMDV IRES (pGEMFMDPR) elements pD1/2/3, pD1/2/3/DAvr, and pD1/2 and more weakly
was apparent by Western blot analysis (Fig. 3) or enzyme by pD2/3 and pD2 and unexpectedly by pD3 but not by
assay (data not shown). The TMEV element was shown pD1 (Fig. 4). The DJ test plasmid (with the defect in D3)
to be active since the production of NS1 was readily was complemented by each of the plasmids containing
detected in these same extracts by Western blot analysis the intact D3 but not by those lacking this region (Fig.
using anti-NS antisera when either the pJODA1090 or 4). Analagous results were obtained using enzyme activity
pSGNS/ plasmids had been used (Fig. 3, lower panel). assays for LUC expression (data not shown).
Similarly the activity of the FMDV IRES was authenticated Since the pD1/2 construct complemented two of the
by the demonstration that this IRES efficiently comple- defective mutants, we decided to define the region re-
mented a defective FMDV IRES assayed in parallel (data quired more precisely by further limited trimming of the
not shown). EMCV sequences within pD1/2. By using convenient
restriction enzyme sites, derivatives (lacking sequences
Partial regions of the EMCV IRES complement corresponding to the 5* terminus of the RNA) of pD1/2
defective EMCV IRES elements in trans were made, as indicated in the legend of Fig. 1, to pro-
duce the plasmids pD1/2/Apa and pD1/2/Avr. Similarly,All previous studies demonstrating complementation of
derivatives lacking sequences corresponding to the 3*defective IRES elements have used molecules containing
terminus of this RNA fragment were also made, namelythe complete IRES element. In an attempt to dissect the
pD1/2/Pml and pD1/2/Hind3 (Fig. 1C). Each of thesefunction of the IRES, we determined whether a functional
plasmids was tested for their ability to complement theIRES element is necessary to achieve complementation
DAvr and GCGC mutants. Only the pD1/2/Pml derivativeor whether specific regions of the IRES are sufficient to
complemented the DAvr mutant (Fig. 5). However, bothcomplement defective IRES elements in which only rela-
the pD1/2/Apa and pD1/2/Avr derivatives clearly com-tively small parts of the IRES are modified. In order to
plemented the GCGC mutant, albeit more weakly thanexamine this, derivatives of pD1/2/3 have been used
the pD1/2/3 sequence. Taken together, these resultswhich contain only portions of the EMCV 5*NCR, these
indicate that, in most cases, the efficient complementa-plasmids are pD1, pD2, pD3, pD1/2, pD2/3 (Kaminski et
tion of the defects in the IRES requires sequences to beal., 1995), and pD1/2/3/DAvr. The ability of each of these
expressed which include at least the whole domain inplasmids to complement the defects in the various test
which the defect occurs.plasmids was determined. The DAvr construct (deletion in
We have demonstrated previously that, with one ex-domain 1) was efficiently complemented by the pD1/2
ception, the complementation of mutant constructs is de-plasmid, as observed with the pD1/2/3 plasmid, and
weakly by pD1/2/3/DAvr, but not by any of the other pendent on the orientation of the insert within the com-
AID VY 8312 / 6a22$$$141 12-05-96 03:24:21 vira AP: Virology
58 ROBERTS AND BELSHAM
FIG. 4. Truncated IRES sequences can complement defective EMCV
IRES elements. Reporter plasmids were transfected into HTK0143 cells
alone or with the indicated plasmids containing individual or combina-
tions of the 3 domains of the EMCV 5*NCR (as shown in Fig. 1). Cell
extracts were prepared as described in the legend of Fig. 2 and ana-
lyzed for the expression of LUC by immunoblotting.
FIG. 3. Complementation of defective EMCV IRES elements requires
high level sequence similarity. vTF7-3-infected HTK0 143 cells were
RT-PCR analysis of expressed RNAstransfected with the reporter plasmids indicated (abbreviated as de-
scribed in the legend of Fig. 2) and pSGNS/ (contains the EMCV IRES The ability of the truncated IRES molecules to comple-
linked to the influenza NS1 coding sequence), pJODA1090 (contains
ment the defective IRES elements facilitated the designthe TMEV IRES linked to the influenza NS1 coding sequence), or
of an experiment to detect recombination events oc-pGEMFMDPR (contains the FMDV IRES followed by the two initiation
start sites). Cell extracts were prepared and analyzed by SDS–PAGE curing within the transfected cells to generate an intact
and immunoblotting as described in the legend of Fig. 2. Upper panel, IRES element upstream of the LUC reporter gene. Cells
LUC expression detected using anti-LUC antiserum. Lower panel, NS1 were transfected with the DAvr construct alone or with
expression detected using rabbit anti-NS1 antiserum.
pD1/2 or pD1/2/3. These plasmids efficiently comple-
ment the defective IRES (Fig. 4). RNA was extracted and
analyzed by RT-PCR using two different primer sets. The
plementing plasmid, i.e., antisense RNAs are nonfunc- complete IRES element is recognized by primers 1 and
tional (Stone et al., 1993; Drew and Belsham, 1994). To 2 (Fig. 7, upper panel) both within the dicistronic mRNA
verify this for the truncated elements, constructs which and from the pD1/2/3 transcript (Fig. 7, lower panel,
contain the same regions of the EMCV 5* NCR in the
opposing orientation relative to the T7 promoter (desig-
nated AS) were prepared. In order to control against
some cloning artefact resulting in a nonfunctional se-
quence we also reconstituted from the AS constructs the
plasmids identical in structure to the parental vectors,
(these derivatives were designated S). The dicistronic
reporter plasmids were assayed alone and with both the
AS and S plasmids. No stimulation of LUC expression
was detected using any of the AS constructs (Fig. 6), but
the reconstituted S series of plasmids functioned as the
parental positive sense vectors shown above (Fig. 6) as
FIG. 5. Delimitation of sequences within pD1 / 2 required for com-expected. These results show that the complementation
plementation of mutations within domain 1 and domain 2. Reporterof defective IRES elements is dependent on the expres-
plasmids were transfected into vTF7-3-infected cells, as described in
sion of the positive sense form of the IRES sequence and the legend of Fig. 2, alone or with plasmids encoding regions of the
provide further evidence against recombination between EMCV 5*NCR as indicated. LUC expression, detected by immunoblot-
ting, is shown.transfected DNA plasmids accounting for these effects.
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FIG. 6. Complementation requires expression of the positive sense form of the IRES RNA species. Reporter plasmids were transfected into vTF7-
3-infected cells alone or with plasmids expressing the positive sense (s) or antisense (as) form of the IRES RNA fragments. LUC expression was
monitored by immunoblotting as described under Materials and Methods.
a), but the truncated IRES is not amplified by these prim- of the IRES, such motifs have been shown to participate
ers (Fig. 7, lower panel, b). Primers 2 and 3 detect the in RNA/RNA interactions and also RNA/protein interac-
intergenic region between the CAT and LUC reporters tions (Pley et al., 1994).
(Fig. 7, upper panel). The truncated species produced The observations of IRES complementation show that
from the DAvr mutant (Fig. 7, lower panel, b) compared components of the IRES can function from two unconnec-
to the full-length product from pGEM-CAT/EMC/LUC is ted RNA molecules in vivo (Stone et al., 1993; Drew and
consistent with the deletion within the construct. Recom- Belsham, 1994; van der Velden et al., 1995). We have
bination between pD1/2 and the DAvr construct to pro- proposed that a discontinuous transfer of an initiation
duce a complete IRES element upstream of the LUC complex may be performed by the IRES and this may
reporter should be detected by the presence of a species occur in trans as well as in cis. It is important to stress
recognized by primers 1 and 2, but no such product was that the assay system used in our studies does not select
observed under conditions in which LUC expression was for the expression of the second cistron but merely moni-
about 25% of that directed by the wt IRES (Fig. 2). The tors this process. Despite this, a reasonably high level
full-length IRES was readily detected from the pD1/2/3 of complementation occurs. All previous results demon-
construct in the presence of the DAvr construct (Fig. 7, strating complementation of defective IRES elements
lower panel, a), confirming the ability of the assay to have used an intact IRES element. The complementing
detect this species under these conditions. IRES has to be very similar in sequence to the defective
species. IRES elements of very similar predicted struc-
DISCUSSION ture do not complement each other unless the sequence
identity is greater than at least 70%, this was shownThere is currently little understanding of the mecha-
initally for the PV IRES (Stone et al., 1993) and is now alsonism of IRES function. Picornavirus IRES elements are
demonstrated for the other major class of IRES elementabout 450 nt in length. They are predicted to contain
represented by the cardioviruses. These observationsextensive secondary structure and it is likely that they
strongly suggest that direct interactions occur betweenalso display a complex tertiary structure. It may be that
the IRES within the dicistronic mRNA and the comple-the function of much of this structure is to bring together
menting molecule. Other examples of same-sense RNAsin the correct spatial arrangement certain discrete func-
interacting, without long-distance annealing, have beentional motifs which are required for the process of inter-
documented, e.g., interaction between the two genomicnal initiation.
molecules of retroviral RNA within virions (Paillert et al.,In previous studies (van der Velden et al., 1995), we
1996). This sequence specificity argues against the com-identified three mutants of the EMCV IRES containing
plementing RNA titrating out an inhibitor of the IRES sinceonly point mutations which were significantly defective
the closely related cardiovirus IRES elements (fromin directing internal initiation. However, none of these
EMCV and TMEV) can be expected to recognize similarmutants was as defective as the DAvr or DHind deletion
cellular factors. We have also demonstrated, for the PVmutants. Furthermore, each of these three mutants con-
IRES, that the complementation process occurs whentained multiple nucleotide substitutions. In contrast, the
cap-dependent translation is severely inhibited followingGCGC mutant, analyzed in this study, is almost as inac-
eIF4G (p220) cleavage (Stone et al., 1993). These resultstive as the deletion mutants yet contains only a single
demonstrate that the enhanced expression of the secondnucleotide substitution. These results indicate that this
GNRA tetraloop motif is critical to the structure/function cistron from the defective IRES induced by the comple-
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FIG. 7. RT-PCR analysis for the detection of recombination between transfected plasmids. Reporter plasmids were transfected into vTF7-3-infected
cells alone or with plasmids containing portions of the EMCV 5*NCR as indicated and described in the legends of Figs. 2 and 4. After 20 hr, RNA
was extracted and subjected to reverse transcription using random primers. The cDNA was then amplified in a PCR with primers 1 and 2 (lower
panel, a) or primers 2 and 3 (lower panel b), radiolabeled as described under Materials and Methods, and analyzed on a 6% polyacrylamide gel.
An autoradiograph is shown. The predicted products (without any recombination event) are indicated in the upper panel, recombination would
result in additional species as discussed in the text.
menting RNA is independent of the expression of the Single domains were capable of complementing, albeit
relatively poorly, the GCGC and DJ mutants. However, dele-upstream cistron and thus reflects internal initiation of
protein synthesis. tion of sequences within a domain abolished complementa-
tion of a mutant in that same domain with the exception ofOn the basis of predicted RNA secondary structure the
IRES has been subdivided into three separate domains the ability of the pD1/2/3/DAvr construct to complement
the DAvr construct. This rather inefficient complementation(Kaminski et al., 1995). These domains have been used
individually and in combination to determine the require- is probably a special case and may reflect the ability of
monocistronic constructs deleted from the 5* terminus toments for complementation. We have now shown that
incomplete IRES fragments are able to complement de- the AvrII site to function at up to 40% of wt IRES efficiency
in vitro (van der Velden et al., 1995).fective IRES elements. These fragments are significantly
smaller than the intact IRES and would not direct internal It is possible that the individual domains, as delimited,
do not fold appropriately and need sequences outsideinitiation alone. Not surprisingly, the complementing frag-
ment also has to be expressed in the positive sense and of these regions to form a functional structure. The con-
struction of pD2 omitted some sequences from the basein most cases must include the sequences modified in
the mutant IRES. An unexplained exception to this state- of this domain (Kaminski et al., 1995), which may have
impaired its activity both alone and in constructs pD1/2ment was the complementation of the GCGC mutant by
pD3, whether this is indicative of some tertiary interaction and pD2/3. This prompted the construction of the
pD1/2/3/DAvr mutant since this retains all sequencesbetween the GNRA tetraloop and domain 3 is not known.
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